Intracellular free calcium levels have been measured in cultured central nervous system (CNS) cells by using the fluorescent indicator fura-2 and digital imaging techniques. Cells were plated from rat embryo diencephalon (embryonic day 17 or 18), with nearly all of the cells surviving dissociation having undergone final mitosis within the previous 24 hr. The initially spherical cells were observed within the first 24 hr in culture when they were extending processes but had not established a network of fibers that would prevent the identification of the origin of a given fiber. Cells that were rapidly extending showed high Ca2+ levels in the regions of growth. Where processes had just emerged from the soma or where growth was proceeding from more than one pole, Ca2' levels were uniform and estimated levels of 500 nM were commonly seen. In active growth cones distant from the soma, Ca2' levels exceeded 200 nM, whereas the soma levels were in the 60-80 nM range. Nonextended and extended cells that had stalled had uniform Ca21 levels in the range of 30-70 nM. The results show that high Ca21 levels are at least a correlate of extension in CNS cells and that under some conditions the region of high calcium can be localized to a small part of the cell.
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An understanding ofthe dynamics of outgrowth in cells of the mammalian central nervous system (CNS) is a critical prerequisite to understanding cell recognition and pattern formation within the CNS. Among the factors that may control outgrowth in developing neurons and other cells is the internal free calcium level in extending regions (growth cones). Elevated calcium levels, by analogy to other motile and secretory systems, could allow the local activation of actinomyosin systems to stretch or shape a growing region or promote the insertion of new membrane, as in vesicular secretion, and thereby produce outgrowth. Recent electrophysiological data indicate that transmembrane Ca transport activity exists in growth cones (1) (2) (3) (4) (5) (6) , suggesting the possibility of elevated Ca2" concentration. The present study has employed fluorescent Ca indicators (7) (8) (9) (10) and a cooled, charge-coupled device (CCD) camera of the type used in astronomy over the past several years (11, 12) to image free Ca2+ levels in individual cultured CNS cells from rat embryo. Such combinations have made it possible to follow short-term changes in the spatial distribution of Ca2' during physiological events in single cells (13) (14) (15) (16) (17) . It is shown that cells undergoing rapid extension display very high internal Ca2' levels and that, where growing processes have extended a significant distance from the soma, the high level is localized to the growing tips. Cells in which growth has been arrested show low internal Ca2+ that is uniform throughout the cell.
METHODS
Cells from embryonic rat (embryonic day 17 or 18) diencephalon were trypsin-dispersed, plated on no. 1 glass coverslips coated with poly(D-lysine) at 2 x 103 cells per mm2, and maintained in serum-free defined medium as described elsewhere (18) . Fura-2/AM (Molecular Probes, Junction City, OR) was dissolved in dimethyl sulfoxide at 5 mg/ml to make a stock solution. Loading solutions were made by adding the stock to the serum-free defined medium to give nominal concentrations of [4] [5] [6] AM. Cells were bathed in the loading solution for 25-30 min at 360C, allowing the permeant form of the indicator to enter the cells, then rinsed, and given a 1.5-to 3-hr postincubation in defined medium to allow deesterification of the indicator (9, 19 [Ca] = KD R Rin (FO/FS). [1] Minimum fluorescence ratios (Rmin = F340/F380) were between 0.39 and 0.42 for test solutions with no added Ca and 5 mM EGTA or BAPTA. Maximum ratios (Rmax) were between 9 and 10 for saturating levels of Ca. (22) . When the depolarization is sufficient to trigger action potentials, the Ca influx is greater. In the neural network that exists on the culture plate after several days in vitro, elevating potassium in the bathing medium from 4.7 mM to 25 mM is sufficient to cause intense neuron firing. Fig. lA shows a differential interference-contrast (DIC) picture of a large bipolar neuron grown in culture for 26 days. An extracellular patch recording electrode was sealed onto the soma membrane during the experiment, allowing action potentials and at least a fraction of incoming synaptic input to be monitored. The cell shown was receiving measurable excitatory synaptic input at a mean rate of ='5 Hz. Most inputs were subthreshold and the cell fired action potentials irregularly at a mean rate of <0.5 Hz in normal Krebs saline.
Fig . 1B shows the fluorescence image of this neuron using 340-nm excitation. Fig. 1C shows the fluorescence ratio when the cell is in normal Krebs saline. Ratio values have been coded in false color, with increasing values of the ratio shifting from blue to red. It will be noted that the nuclear region of the soma showed the smallest ratio in the resting state (0.65, corresponding to 60 nM), whereas the nonnuclear regions were higher, -0.9 (110 nM). Such nonuniformities between nuclear region and other parts of the cell were the rule rather than the exception in hundreds of cells examined. At this point it is unclear whether the difference in ratio reflects a true difference in free calcium or modified dye characteristics in the nucleus. Others (17) , having measured higher ratios in nuclei of smooth muscle cells, have concluded that the ratio differences reflect true differences in free calcium. At the time of recording, the cell was receiving excitatory input as described above and the region of high Ca2" in the lower neurite may possibly be an input site.
Exposing the culture plate to high potassium Krebs saline (25 mM) caused high-frequency action potential firing (p10 Hz) and a sharp increase in the ratio (Fig. 1D) that continued for the duration of the high K exposure (2 min). By using the conversion formula given in Methods, the soma ratio predicts a Ca2+ level of =300 nM during the K exposure, up from the 100 nM levels of nonnuclear cytoplasm in Fig. 1C . The increase was not uniform throughout the cell, the proximal neurites showing a smaller increase than the soma. Graubard and Ross (23) have also noted smaller axonal signals from Ca indicator arsenazo III in crustacean neurons during depolarization. A small portion of the soma-neurite difference noted in the present experiment, however, is artifact arising from the relatively faint fluorescence of flat glial cells in the vicinity of, and presumably also underneath, the neuron. This background is usually <5% of the soma fluorescence and 10-15% at the proximal neurites because of the different thicknesses of the structures. The glial signal was relatively insensitive to high K and therefore exists as a constant term in numerator and denominator of a ratio. The ratio values for a more dimly fluorescent region will then be closer to unity than will a bright one. This background is not a problem in very young cultures in which cells have not overgrown the coverslip, but these cells are poorly excitable (24) . Reexposing the plate to normal Krebs saline led to a complete A recovery of the initial ratio levels within 1.5 min. Fig. 1E shows the ratio 10 min later and illustrates this recovery and the reproducibility generally encountered in experiments. The record of Fig. 1F was madejust after the patch recording electrode was pushed against the soma. The extracellular electrode monitored high-frequency action potential discharge probably indicative of mechanical pressure upon the cell. The fluorescence ratio became correspondingly larger (predicted Ca2" > 600 nM). In other experiments in which tetrodotoxin (0.3 uM) was used to block spontaneous spike activity, a decrease in the fluorescence ratio was noted. The Ca channel blocker nifedipine also caused a decrease in the ratio in a subpopulation of the cells examined.
Growing cell processes were studied in cells no more than 24 hr old that had been plated at approximately one-third the normal density, facilitating the identification of cell processes with their appropriate cell bodies. Coverslips with cells were transferred from the incubator to the microscope stage and equilibrated for 10-15 min in slowly flowing culture medium at 34-360C equilibrated with a 90% air/10% CO2 mixture. The coverslip was then scanned for cells or groups of cells that were extending processes. After examining several hundred cell tips, by direct inspection and by time-lapse imaging, it became possible to discriminate between processes that were extending and those that had stalled with a reasonably short inspection. The extension rate of filopodia was generally <0.7 tkm/min in the recording chamber and uninterrupted activity was seldom seen for >15 min. The intermittent nature of activity was possibly a result of the perfusion system, which may have dissipated unidentified trophic agents in the medium. Extending processes were often bent toward the direction of flow. Fig. 2A shows a field of four cells as a DIC image (Left) and a fluorescence ratio image (Right) and illustrates several features usually seen in cultures of this age (20 hr or younger). In the ratio image, displayed on a gray scale, two of the cells are very bright (high Ca), one is about neutral, and one is very dark (low Ca). The three cells on the left had sent out processes, whereas the fourth (upper right) remained rounded as when plated. The two lower cells were in an active growing stage at the time of observation, whereas the upper left cell had essentially stalled. The fluorescence ratios (and corresponding estimates of Ca2+) of the different cells varied from 0.65 (50 nM) in the upper right cell to 3.6 (=1 ,M) in the lower left cell. The centrally located cell showed a ratio of 2.3 (440 nM) in the soma with <20% variation in the processes sprouting from it. The ratio in the soma of the upper right cell was 1.1 (140 nM) with the process about 30% larger, although this difference does not show up at the display scale used here. After the records of Fig. 2A were made, the central cell was examined at higher magnification for an extended period (pixel binning in the camera was discontinued giving a 2x enlargement). Fig. 2B shows a series of DIC images of this cell taken at 4-min intervals. It is clear that the cell is growing out at both ends, top and bottom, and sprouting side processes as well. Fluorescence images interspersed with these frames showed that the ratio remained around 2 for the duration of the observation period.
High free calcium levels as seen in the lower two cells of Fig. 2A do not represent an incompetence in the calcium regulatory system of the cells. Exposing such cells to a simple Hepes-buffered Krebs saline of identical calcium concentration caused a drop in the fluorescence ratio to levels generally below 0.8 within 5 min. Correlated with this decrease was an immediate arrest of growth and often a retraction or restriction of processes. Restoration of medium reversed these changes in a small percentage of cases. Fig. 3 illustrates the common observation when an actively extending process had reached some distance from the soma. Fig. 3A is a DIC image showing extended filapodia at the tip ofan outgrowth. Fig. 3 B and C show the fluorescence images ofthe cell with 340-and 380-nm excitation. Fig. 3D shows the ratio ofthe fluorescence images, the free Ca levels in the cell. The ratio in the extreme tip is between 1.45 and 1.65 and in the major portion of the cell body is between 0.65 and 0.75. These ratios correspond approximately to free Ca levels in the tip of 230-270 nM and 50-70 nM in the cell body. It will be noted that there are regions of intermediate and lower levels along the process. During the course of a 25-min observation on this cell, the pattern of extension shifted from one in which only the extreme upper part of the tip was involved to the one shown in the figure in which most of the tip has sprouted filopodia. The region of localized high Ca spread concurrently with this change. Again, substitution of Krebs saline for growth medium caused a rapid drop in the high Ca regions. The free Ca levels of stalled growth cones were within 10% of the cell body whether all filopodia had been retracted or not. Table 1 presents a summary of the observations categorized according to cell extension activity-rapid, slow, stationary. The rapidly extending category includes cells that were sprouting very near the soma and had rather uniformly high calcium levels and those in which substantial processes had already been put down and extension was occurring at the end of these. In the latter cases (Fig. 3) free calcium was only high at the extending tip and a large intracellular gradient of free calcium existed in the cell. The number of cells scored in the intermediate category, slowly extending, was relatively small primarily because it was impractical to spend the time required to decide that the cell was doing anything at all. Many more cells than the 16 noted were observed at intermediate free calcium levels and the great majority of these cells had growth substantial processes at the time of observation. Stationary cells vastly outnumber the active ones in part because scoring has been done over a population for which the proper growing conditions in the recording chamber were being worked out.
DISCUSSION
The results show a clear correlation between cell growth and high internal free calcium. During stationary periods or when processes were observed to retract, calcium levels were much lower and relatively uniform. In more mature cultures (2-5 days), fluorescence ratios of >0.7-0.9 were almost never observed. At later stages where spontaneous electrical activity was present, the ratio again tended upward in some neurons (as in Fig. 1 ) but almost never near the 2.0 level unless the cells were stimulated by high K or other means. The observations on growing cells reported are in agreement with studies using electrical techniques in other preparations that have shown a calcium influx into growing tips by means of either Ca spikes (3-5) or a mechanism that carries steady calcium current measurable by external vibrating probe electrodes (2) . It was noted in the vibrating probe studies that currents were not generated by stationary growth cones, only those in an active growth state. With the possible exception of cells used in the vibrating probe study, the electrical studies have been carried out on cells that had well-expressed ion channel populations, being either cell lines or regenerating tissue. These diencephalon cells had undergone final mitosis within the 24-hr period preceding isolation and were electrically inexcitable for the first 20 hr after plating (24) .
Nifedipine (5 uM) , a Ca channel blocker in many nerve cultures, was ineffective in stopping growth or reducing high calcium levels where they were present. Tetrodotoxin was also ineffective. The inorganic Ca channel blockers Cd and Mn disrupted cell growth but had interactions with the intracellular fura-2 (and with quin2) in these and other culture cells that made the experiments uninterpretable (J.A.C. and P. E. Hockberger, unpublished data). Therefore, at present, the mechanism responsible for maintaining the high free calcium levels is not understood. Unlike some amphibian cells (25) , these mammalian CNS cells do not sprout processes to any normal degree or even survive well in Ca-free medium (H. Y. Tseng and J.A.C., unpublished data).
The existence over periods of minutes of Ca gradients within a cell such as those observed in Fig. 3 would seem to require the presence of localized Ca influx at the growing tip with efflux or storage predominating over the rest of the cell or else internal compartmentalization as in vesicles or organelles at the growing tip. It is known from other studies that fura-2 does become trapped in intracellular compartments (17, 21) as well as the cytoplasm. Thus, the possibility exists that the locally high Ca in the growing tips is trapped in vesicles too small and densely packed to be resolved, even using a lOOx objective as was the case in some experiments. It should be emphasized though that the content of such putative vesicles was very sensitive to the extracellular environment because the gradients were largely abolished within 2-3 min of the withdrawal of medium and its substitution by Krebs saline.
The data shown here have been of fura-2 fluorescence. Earlier experiments (13, 14) used quin2 and showed the same essential features as the fura-2 data with the interesting exception that the regions of high calcium were never so localized, probably the result of higher indicator concentration. These techniques can be effectively applied to study a variety of physiological questions-for example, regional distributions of Ca2+ channels or transport into cells, dynamic changes in Ca2' levels in response to neuroactive substances, and development of effective synaptic connections. 
